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Impact of metastable graphene-diamond coatings
on the fracture toughness of silicon carbide

Martin Rejhon, *a Václav Dědič,a Mykhailo Shestopalov,a Jan Kunca and
Elisa Riedo*b

Silicon carbide has excellent mechanical properties such as high hardness and strength, but its appli-

cations for body armor and protective coating solutions are limited by its poor toughness. It has been

demonstrated that epitaxial graphene-coated SiC can enhance SiC mechanical properties due to the

pressure-activated phase transition into a sp3 diamond structure. Here, we show that atomically thin gra-

phene coatings increase the hardness of SiC even for indentation depths of ∼10 µm. Very importantly, the

graphene coating also causes an increase of the fracture toughness by 11% compared to bare SiC, which

is in contradiction with the general indirect variation of hardness and fracture toughness. This is explained

in terms of the presence of a diamond phase under the indenter while the rest of the coating remains in

the ultra-tough graphene phase. This study opens new venues for understanding hardness and toughness

in metastable systems and for the applications of graphene-coatings.

Introduction

Silicon carbide (SiC), one of the hardest known materials with
exceptional physical and chemical properties,1 is attractive for a
variety of applications in harsh environments under high temp-
eratures and/or high radiation fluxes.2–5 Thanks to its reported
hardness in the range of 20 GPa and 30 GPa,6–11 SiC is an ideal
candidate for use in body armor protection applications,12 even if
its fracture toughness is not exceptional, in the range between 1.1
MPa m1/2 and 3.3 MPa m1/2.8,9,13,14 There is therefore a techno-
logical effort to improve the mechanical properties of SiC and to
reduce the weight of the required material. However, it has been
shown that the two most important properties in protective appli-
cations, hardness H and fracture toughness KC, cannot be tailored
to gain better protective properties because hardness generally
increases with decreasing fracture toughness and vice versa.15,16

Very recently, it has been reported an enormous increase in
the hardness of SiC by coating it with atomically thin epitaxial
graphene.17 The hardness of epitaxial graphene-coated SiC
increased by 30% compared to bare SiC for loads up to 10 mN,
corresponding to an indentation depth of 175 nm. The
increase was explained by a pressure-activated phase transition
from sp2 to sp3 hybridization of two-layer graphene under the
indenter.18–21 The phase transition changes the system gra-

phene/SiC’s elastic properties and indicates that the coating
has a stiffness similar to that one of diamond.22,23 However,
the influence of two-layer epitaxial graphene coatings on the
fracture toughness of coated SiC has not been studied so far.

Here, we investigate how atomically thin epitaxial graphene
coatings impact silicon carbide’s hardness and fracture tough-
ness by using a Vickers diamond indenter at high loads ranging
between 0.5 N and 30 N. In particular, hardness indentation tests
are performed on three types of samples, namely, two-layer
(monolayer graphene plus buffer layer) epitaxial graphene on the
silicon face of SiC (1L/Bfl/SiC(0001)), quasi-free standing bilayer
graphene on the hydrogen-terminated silicon face of SiC
(2L/H-SiC(0001)) and a bare SiC (SiC(0001)) sample (Silicon face),
see Raman spectra and graphical schemes of the sample shown
in Fig. 1a. The experiments show for both two-layer graphene-
coated SiC and bilayer graphene on H-terminated SiC an increase
in hardness of 11% and simultaneously an increase in fracture
toughness of 11% compared to a bare SiC substrate. The
maximal indentation depth for 1L/Bfl/SiC(0001) is ∼10 µm,
almost sixteen thousand times the thickness of the graphene
coating (5.7 Å). The concurrent increase of hardness and fracture
toughness in the graphene-coated SiC samples is surprising since
increase in hardness in a material is usually accompanied by a
decrease in toughness.15,16 Here, we explain the results in terms
of the graphene-diamene phase transition under the indenter
(see Fig. 1b)17,19,20,22 while the rest of the coating remains in the
ultra-tough graphene phase.24–26 This study opens new venues for
understanding hardness and toughness in metastable systems
and for the applications in protective coatings, body armor, and
automobile, aerospace, and microelectromechanical systems.
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Experimental procedure
Graphene coatings preparation

Epitaxial graphene films are grown on the Si-face of on-axis 6H
SiC (SiC(0001)) crystal by the thermal decomposition method
in an argon atmosphere.27 The first carbon layer on the Si-face
of SiC contains approximately 30% of carbon atoms in the sp3

configuration.28 This layer is named the buffer layer (Bfl). Pure
sp2 graphene layers are then grown on top of this buffer layer,
and when we refer to two-layer epitaxial graphene, we intend
to indicate one layer of pure sp2 graphene layers on top of the
buffer layer, respectively.

Hydrogen intercalation is used to prepare quasi-free-stand-
ing bilayer graphene (2L/H-SiC(0001)) from the two-layer epi-
taxial graphene sample (1L/Bfl/SiC(0001)) by breaking the sp3

bonds between the buffer layer and the SiC surface and creat-

ing Si–H bonds. More details about the hydrogen intercalation
can be found in ref. 29 and 30.

The measured Raman spectra for each sample are depicted in
Fig. 1a. The characteristic spectrum of SiC is shown as a black
curve, while the spectrum of the 1L/Bfl/SiC(0001) sample is
plotted in red, and the spectrum of the 2L/H-SiC(0001) sample is
plotted in blue. The Raman spectrum of graphene-coated SiC
consists of a D band (∼1350 cm−1), a G band (∼1580 cm−1), and a
2D band (∼2700 cm−1).31 The number of layers can be obtained
from the full width at half maximum (FWHM) of the 2D peak
and from the ratio of the integrated area of the 2D and G peaks.32

We find a FWHM of 29 cm−1 and a ratio of 2.36 for 1L/Bfl/SiC
(0001), which is in agreement with literature values of 1L epitaxial
graphene on buffer layer.27,33 For 2L/H-SiC(0001), we obtain a
FWHM of 50 cm−1 and a ratio of 1.69, which is also in good
agreement with literature values for 2L epitaxial graphene on

Fig. 1 Hardness experiment. (a) Raman spectra of bare and graphene-coated SiC. The spectra are vertically shifted for clarity. On the right panel,
from bottom to top, graphical schemes of bare silicon carbide, one epitaxial graphene layer on carbon buffer layer on the silicon face of SiC, and
quasi-free-standing bilayer graphene on the hydrogenated silicon face of SiC. (b) Graphical scheme of the hardness experiments with a diamond
Vickers indenter. The scheme shows the formation of the phase transformed diamene phase under the indenter. (c) Representative optical image of
a residual indentation in 1L/BfL/SiC after indenting with a load of 30 N. (d) SEM and (e) 3D optical profilometer image of the residual indentation in c.
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buffer layer.29 Furthermore, the graphical side views of the investi-
gated coating structures are depicted in Fig. 1a.

Hardness test

The graphene-coated and bare SiC samples are indented using a
Qness Q10A automatic microhardness tester (Golling, Austria)
with a Vickers diamond indenter (see graphical scheme in
Fig. 1b) using different loads, between 0.5 N and 30 N, and with a
dwell time of 10 s. The produced residual indentations on the
sample surface are investigated and imaged by two different
optical microscopes (OM) (see Fig. 1c), a scanning electron micro-
scope (SEM) (see Fig. 1d), and a 3D optical surface profilometer
(see Fig. 1e). The first optical microscope is a Nikon Eclipse
LV150N optical microscope with a Nikon TU Plan Fluor objective
(100× magnification and numerical aperture 0.9), and the second
one is a WITec optical microscope with different objectives,
namely Zeiss EC Epiplan 20×/0.4 (Magnification/NA), Zeiss LD EC
Epiplan-Neofluar Dic 50×/0.55, and Zeiss EC Epiplan-Neofluar Dic
100×/0.9. A NewView 5000 3D optical surface profilometer from
ZYGO with a 20× Mirau objective is used to measure the topogra-
phy of indented samples. SEM measurements are performed with
a Raith 150 Two electron beam metrology system with Carl-Zeiss
Gemini electron optics. The aperture size is set at 60 µm and the
voltage is 10 kV. A gold layer of 3 nm is evaporated on the sample
surface to avoid sample charging during the SEM measurements.

Hardness and fracture toughness evaluation

The hardness of the different coated and bare SiC samples is
calculated according to the following equation

H ¼ Pmax

A
; ð1Þ

where Pmax is the maximal load, and A is the area of the residual
indentation, which can be obtained from the diagonal length d of
the residual indentation (see schematic illustration in Fig. 2a), as

A ¼ d2

2
: ð2Þ

Then the hardness is given by the following equation

H ¼ 2
Pmax

d2
: ð3Þ

The fracture toughness KC is determined from the total
length of the radial cracks from the indentation center to the
end of crack c (see schematic illustration in Fig. 3a) using the
following Lawn and Swain equation developed for radial-
median ‘halfpenny’ shaped cracks34–36

KC ¼ W
Pmax

a
ffiffi
c

p : ð4Þ

Here a is the indentation half-diagonal length, while the
constant W is equal to

W ¼ 1� 2νffiffiffiffiffiffiffi
2π5

p ; ð5Þ

where ν is Poisson’s ratio. In the case of SiC, ν is 0.35, and W is
equal to 0.012.

Results and discussion
Hardness

We estimate the hardness of a bare SiC using the eqn (3) and
we plot the results in Fig. 2b as a function of the maximal
applied load, where black squares represent hardness obtained
from measurements of diagonal lengths d (in eqn (3)) made by
OM, while the green triangles represent SEM measurements.
The plotted results are obtained from an average of more than
20 measurements, and as can be seen, the data points from
both methods overlap within the error. However, the SEM
measurements lead to higher hardness values than OM
measurements at small maximal loads. This is because of the
higher lateral resolution of SEM compared to OM. Higher
resolution of SEM allows better estimation of the diagonal
length, which is especially crucial for residual indentations
produced at low loads, when the diagonal length is around
4 µm. Overall, from both methods, the estimated hardness of
a bare SiC is not constant and decreases with increasing load
(see Fig. 2d), which is caused by neglecting pile-up formation
around the indenter. This leads to an underestimation of the
contact area resulting in an overestimation of the hardness.

To overcome this issue, a 3D optical surface profilometer is
used to measure changes in topography (see Fig. 2c), which
allows us to detect a pile-up formation (see cross-sectional pro-
files in Fig. 2d). When pile-up occurs, usage of eqn (3) overesti-
mates the hardness as a result of plastically piled-up material
around the indenter. To obtain accurate results, the area must be
estimated from topographic images (see Fig. 1e), and the pile-up
formation must be considered. A schematic diagram of a square
projection of the Vickers indenter (solid black lines) with a projec-
tion of the highest pile-up height (dashed black line) is drawn in
Fig. 2a. Here, we assume that the material is mostly radially dis-
placed at the center of the residual indentation edge, while no
radial displacement occurs at the indentation corner. The dis-
tance between the highest points from the opposite pile-ups on
the perpendicular curve to the edges and passing through the
center of the indentation is defined as b. The distance between
the residual indentation edge, and the maximal height of the
pile-up is defined as be, which corresponds to the semi-minor
axis of the ellipse. Then, the A consists of two elements, an area
of the square indentation without pile-up AS and an area of four
half ellipses AE. The half ellipse is defined by the edge of the
square indentation and pile-up which creates the ellipse arc. The
first element AS can be calculated without pile-ups from the eqn
(2). The second component AE adds the contact area of the
formed pile-up. From the previous assumption that the shape of
the pile-up is elliptic, we can derive the following equation

AE ¼ π
2

dbffiffiffi
2

p � d2

2

� �
: ð6Þ

Then the contact area A is

A ¼ AS þ AE ¼ d2

2
þ π
2

dbffiffiffi
2

p � d2

2

� �
: ð7Þ
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By combining eqn (1) and (7), the corrected hardness is
given by

H ¼ Pmax

d2

2
þ π
2

dbffiffiffi
2

p � d2

2

� � : ð8Þ

The corrected hardness of a bare SiC is calculated using
eqn (8) and plotted as red circles in Fig. 2b. The corrected data
show lower hardness values compared to the OM and SEM
measurements. Furthermore, the hardness still decreases with
increasing load (see Fig. 2e), probably due to the indentation
size effect10,37,38 and/or approximation in the determination of
the contact area. The asymptotic hardness of a bare SiC(0001)
is around 19 GPa, which is consistent with the values reported
in the literature (20–30 GPa (ref. 6 and 8–11)).

In Fig. 2e, we also report the measured hardness of gra-
phene-coated SiC samples together with the bare SiC results.
The results are obtained from measurements made by a 3D

optical surface profilometer, and the hardness is calculated
using the eqn (8). The figure clearly shows higher hardness
values for graphene-coated SiC, namely 1L/Bfl/SiC(0001)
(green triangles) and 2L/H-SiC(0001) (blue triangles), in the
whole range of investigated loads, while the trend of the load
dependency remains the same. To characterize the increase in
hardness of graphene coated SiC compared to a bare SiC, we
plot a relative change of hardness defined as

ΔH ¼ HCoated � HSiC

HSiC � 100% ð9Þ

in Fig. 2f. The relative change in hardness shows an increase
around 11% for graphene-coated SiC substrates HCoated com-
pared to a bare SiC substrate HSiC.

Recently, a similar increase in the hardness of graphene-
coated SiC, between 100% and 30%, has been reported for
lower loads from 500 µN to 10 mN,17 which has been explained
by the local formation of the diamene structure.20,22 Diamene

Fig. 2 Hardness evaluation. (a) A schematic illustration of the residual indentation with produced pile-up (black dashed line) with labeled features
used to determine the hardness H, a is the indentation size, d is the diagonal length, be corresponds to the semi-minor axis of the ellipse, and b is
the maximal distance between two opposite highest points on pile-up. (b) The hardness of bare SiC substrate as a function of the maximal load esti-
mated from measurements done by optical microscope (OM), SEM, and 3D profilometer. (c) Topography of the bare SiC substrate after indentation
experiment, showing the produced residual indentation measured by a 3D optical profilometer. Two diagonal lengths d1 and d2 are shown as blue
line segments, while solid black and red lines correspond to cross-section profiles depicted in d. (c) The hardness of graphene-coated SiC samples
and bare SiC substrate as a function of maximal load. The hardness is calculated from 3D optical profilometer measurements using the eqn (8). The
error bars correspond to the confidence level of 99%. (f ) Calculated relative change in hardness of graphene-coated SiC compared to a bare SiC.
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is a diamond structure emerging from a pressure activated sp2

to sp3 phase transition in the two layers of graphene.20,22

Another source of the increased hardness can be attributed to
the high in-plane stiffness of graphene of 1 TPa,24 that holds
the hexagonal graphene network together at the boundaries of
the impacted area. Here, we show that epitaxial graphene,
which is only a few angstroms thick, can increase the hardness
of SiC even for maximal indentation depths of 10 μm. The
maximal indentation depth is calculated based on the inden-
ter geometry and the measured average diagonal length.
Interestingly, the depth of the indentation is approximately
sixteen thousand times the thickness of the graphene coating,
which is 5.7 Å.

Fracture toughness

We investigate the fracture toughness KC of a bare SiC sub-
strate and graphene-coated SiC substrates. To compute the
fracture toughness, we use the Lawn and Swain equation35

(eqn (4)) describing the halfpenny-shaped cracks, which are
developed in the case of SiC in the range of investigated
loads.13,39 We examine the dimensions of the cracks by means
of an OM. Fig. 3a shows the labelled characteristics used to
estimate the fracture toughness. The measured OM images of
the residual indentations for maximal loads of 0.5 N, 1 N, 3 N,
and 10 N are shown in Fig. 3b–e, where the development of
cracks with increasing load is visible. Firstly, the lateral cracks

Fig. 3 Fracture toughness evaluation. (a) A schematic illustration of the residual indentation with labeled features used to determine the fracture
toughness, a is the indentation size, the crack length at the surface is labeled as l, c corresponds to the sum of both previous quantities and d is the
diagonal length. (b–e) Representative images of the residual indentations and produced cracks on bare SiC after indentation experiments at 0.5 N, 1
N, 3 N, and 10 N, respectively. (f ) The calculated fracture toughness using eqn (4) as a function of the applied maximal load. (g) The relative change
in fracture toughness of graphene-coated SiC compared to a bare SiC.

Paper Nanoscale

10594 | Nanoscale, 2024, 16, 10590–10596 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
m

ar
ts

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
2.

10
.2

02
5 

05
:3

8:
37

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr06281c


are seen as halos around the residual indentations. While the
halos create full circles for indentations from 1 N and higher
loads, the halo is not fully developed around the residual
indentation at 0.5 N. Secondly, radial cracks are formed at the
corners of the residual indentations. Six cracks are developed
for loads 0.5 N (Fig. 3b) and 1 N (Fig. 3c), respectively. The
angle between cracks is around 60°, which most probably
corresponds to an atomic arrangement of 6H polytype of SiC
in (0001) direction. For higher loads, four main cracks are
visible with an angle of 90° between them. Moreover, minor
cracks are visible in different directions resembling formed
cracks for lower loads.

In Fig. 3f, we show the evolution of fracture toughness with
load for a bare SiC and graphene-coated SiC samples. The frac-
ture toughness of a bare SiC sample varies between 1.3 and 1.4
MPa m1/2 with an average value 1.36 MPa m1/2, which is in
agreement with the previously reported values.8,9,13,14 For 1L/
Bfl/SiC(0001) and 2L/H-SiC(0001) the fracture toughness values
are above the values of a bare SiC (see Fig. 3f), and the mean
fracture toughness is 1.52 MPa m1/2 and 1.49 MPa m1/2,
respectively. The relative change of fracture toughness com-
pared to a bare SiC in dependency on load is depicted in
Fig. 3g, showing an increase of 12% for 1L/Bfl/SiC(0001) and
10% for 2L/H-SiC(0001). The results therefore demonstrate
that two-layer thick graphene coating can produce a con-
current increase of hardness and toughness in SiC. This result
is very surprising since increase in hardness in a material is
usually accompanied by a decrease in toughness. The results
can be explained considering the graphene-diamene phase
transition occurring under the indenter17,22 while the rest of
the coating remains in the ultra-tough graphene phase.24–26

Conclusions

In conclusion, we find that atomically thin graphene coatings
can improve the hardness of SiC crystals even for large loads
in the range 0.5 N to 30 N, corresponding to indentation
depths up to ∼10 µm, approximately sixteen thousand times
the thickness of the graphene coating. Interestingly, the gra-
phene coating causes an increase of the fracture toughness by
11% compared to bare SiC. These results, which do not follow
the general indirect relationship between the hardness and the
fracture toughness can be attributed to the graphene diamene
local transition under the indenter. This research opens new
venues for understanding hardness and toughness in
materials undergoing local phase transitions and new possibi-
lities for graphene-coated SiC applications in aeronautics,
aerospace, automotive industry, body armor production, and
high-impact protective coatings.
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